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Abstract 
Off-grid solar photovoltaics (PV) are promoted as an economical renewable energy system for providing 
electricity in remote locations far from the grid. However, without on-going maintenance, the performance of 
these systems will diminish due to battery deterioration leaving them unable to provide the service they were 
initially designed for. This paper presents analysis and results from a four week cross-disciplinary 
investigative study carried out in September 2012 into the performance of off-grid PV in health centres and 
schools in rural communities in Rwanda. A socio-technical approach was taken to understand the reasons for 
failure. A strategy was subsequently developed to influence user behaviour and increase the PV array size to 
reduce capacity shortage through the year and improve the lifetime of the lead acid batteries found on these 
systems. According to the results obtained, the total costs to implement off-grid PV systems can be reduced. 
Furthermore, the proposed strategy reduces the operating costs of PV below that of a diesel generator 
according to a projection of prices found in Rwanda which is important in a donor led installation model 
Keywords: Battery lifetime; Rural power supply; Economic analysis; Diesel generator; Hybrid power; Energy 
end-use 
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Nomenclature 
𝐴  Surface area of each PV panel [m2] 
𝑐𝐺  Irradiance coefficient: the percentage change in efficiency of the panel for each unit change in 
irradiance [%/(W/m2)] 
𝑐𝑇 Temperature coefficient, the percentage  change in efficiency of the panel for each unit change in 
temperature [%/°C] 
𝐶  Total capacity of the battery bank [kWh] 
𝐷𝑑  Depth of discharge of battery over a daily cycle [%] 
𝐸𝑏,𝑡 Energy stored in the battery bank at time 𝑡 [kWh] 
𝐺𝑡  Irradiance at time 𝑡 [kW/m2] 
𝐿𝑡 Remaining cycle life of battery bank at time 𝑡 [%] 
𝑛  Number of panels in the array 
ℕ𝑐,𝑡  Battery cycle life modified by the final battery state-of-charge [number of cycles] 
ℕ𝑛𝑜𝑚  Battery cycle life at a given depth of discharge for a cycle starting at a full state-of-charge [number of 
cycles] 
𝑃𝑏𝑡  Power out or into the battery bank at time 𝑡 [kW] 
𝑃𝑑,𝑡  Electrical demand on the PV system at time 𝑡 [kW] 
𝑃𝑃𝑉,𝑡  Power output from the PV array at time 𝑡 kW] 
𝑆𝑜𝐶𝑡  Battery bank state-of-charge at time 𝑡 [%] 
𝑆𝑜𝐶𝑚𝑖𝑛,𝑑  Lowest state-of-charge over a given day [%] 
∆𝑡  Length of time step [s] 
𝕋𝑡 Ambient temperature at time 𝑡 [°C] 
𝜂𝑏  Battery round trip efficiency [%] 
𝜂𝑐  Efficiency of the inverter [%] 
𝜂𝑃𝑉  Efficiency of the PV array at a given irradiance and temperature [%] 
𝜂𝑛𝑜𝑚   Efficiency of each PV panel at standard test conditions (1kW/m2, 25°C) [%] 
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1 Introduction 
One fifth of the global population do not have any access to electricity and therefore the important services 
that rely on or are enhanced by electrical energy such as lighting, communication and labour saving devices 
[1]. These 1.3 billion people are not spread evenly across the world and lack of access is particularly acute in 
rural areas of middle and low income countries. 
Throughout much of Africa, the cost of connecting to the grid is prohibitively high for small communities 
distant from existing grid infrastructure [2, 3]. For example, it was revealed from interviews with the 
Rwandan utility, EWSA, that the cost of power connection to the grid is $US 23,000 per kilometre. In 2008, 
40% of Africans had access to electricity. In sparsely populated rural areas this figure was just 23% [4]. Rural 
communities supplied with electrical energy are expected to see improvements to quality of life indicators [5]. 
The available electricity increases the human development index of rural households with electricity, when 
compared to households without [6, 7].  
Diesel generators and off-grid solar photovoltaics (PV) are two technologies for providing power in these 
locations and the capital and operational costs of these two technologies have very different characteristics. 
Both the initial purchase of the system and periodic replacement of the storage battery comprise the majority 
of the costs of a solar PV system, with zero fuel cost; whereas diesel generators have a relatively low purchase 
price, but substantial and on-going fuel costs and maintenance costs. Szabó et al compare the cost of these 
alternatives across the African continent in areas where grid connection is unfeasible and find a number of 
regions where PV is a more attractive alternative to diesel as illustrated in Figure 1-1 [3]. 
 
Figure 1-1: Regional differences in PV and diesel feasibility across Africa [3] 
Off-grid PV systems are widely promoted as a means to provide cleaner, safer, more reliable and convenient 
electricity in rural areas [8]. Off-grid PV systems comprise a solar array, a maximum power point 
tracker/charge controller, inverter, battery bank and electrical loads. Sometimes hybrid systems comprising a 
diesel generator is used to provide backup power when there is insufficient power generated from the PV 
array or batteries. The battery bank serves four primary functions: 
 Preventing power interruptions if clouds or shading reduce PV output during the day; 
 Providing power during the night; 
 Providing autonomy during a prolonged period of poor weather;  
 Provision of instantaneous power greater than the PV array rating. 
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It has been recognised that battery replacement can be a substantial on-going cost, and contributes 
significantly to the overall system lifetime cost [9, 10]. Battery life is reduced when the batteries are deeply 
discharged when there is prolonged operation at low states of charge or when they are overcharged [11]. 
Studies consider the battery lifetime to be between 3 and 5 years [3, 12, 13] , although lifetimes up to 9 years 
for lead acid batteries have been reported [11]. A number of connected socio-technical factors cause deep 
battery discharge including growth in demand leading to overloading, poor system design, low-cycle life of 
existing battery technology, poor component selection, vandalism and theft, and poor system understanding 
[6, 14–17]. Although widely treated separately, few studies take an interdisciplinary approach to how social 
and technical factors affect battery life. In view of the significant effect on the battery system attributed to the 
decisions of both operators and users, Ulsrud et al. highlight the importance of a socio-technical approach to 
assessing this type of system [18]. Socio-technical approaches are recognised as important in several research 
areas, particularly for energy systems where both the actions of people and limitations of technology are 
important factors [19]. 
Standalone diesel generators are the most common off-grid electrical power source in rural locations [20]. 
However, high fuel and maintenance costs are problematic for owners. A study by Szabó et al. shows that the 
cost of diesel in Rwanda relative to other countries in Africa is high due to fuel taxation [3]. It is also 
challenging to transport fuel in rural areas due to bad roads and long distances to fuel suppliers. Furthermore, 
poor road conditions are compounded during the rainy season. Schmid et al. show that in Brazil these 
logistical barriers increase the costs of diesel by 15% to 45% [21]. Consequently, renewable energy from 
micro hydro, wind and solar are being adopted in rural areas, in part due to an assumption that operating costs 
are lower–despite high battery replacement costs [10]. 
This paper presents a socio-technical field study of the factors affecting real off-grid systems using measured 
demand data, system surveys and interviews. The results are used to illustrate how installers can improve the 
cost competitiveness of off-grid PV systems relative to diesel generators. This work is based upon a survey 
completed in Rwanda in September 2012. 
1.1 Paper structure 
Technical and social data from PV systems in Rwanda was used to determine ways of improving battery life 
and system reliability. The methods for data collection and analysis are outlined in section 2 and a description 
of the modelling approach is presented in section 3. Section 4 presents the findings at specific sites and the 
impacts of applying a socio-technical change on system performance. Section 4 also presents a financial 
comparison of off-grid solar PV to diesel systems. Finally a discussion of findings and conclusions are 
presented in sections 5 and 6 respectively.  
2 Data collection  
2.1 Study area 
Rwanda is located in equatorial east Africa and has a temperate climate. The annual average daily solar 
radiation in Rwanda (4.8 – 5.5 kWh/m2/day) is favourable for PV [22], [23]. Partly as a consequence of this, 
the Government of Rwanda (GoR) is considering PV to supplement the power grid [24]. Under the GoR 
“Vision 2020” plan, there are targets for 35% of the population to be electrified by 2020 [25] and policies by 
the GoR have led to rapid electrification rates of over 400% between 2000 and 2012. However, 98.7% of the 
8.2 million rural population remain unconnected to the grid [26], [27]. In many cases, grid connection to these 
people will be difficult and expensive to accomplish as the current grid infrastructure is relatively small, aged, 
inefficient, and experiences regular disruptions in supply [23].  With a current available generation capacity of 
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83.2 MW, Rwanda derives 48% of capacity from diesel and heavy fuel oil thermal generators, which are 
expensive1. Consequently, the electricity tariff in Rwanda is one of the highest in the region at $US 0.24/kW, 
this is in comparison to $US 0.06/kW in Burundi, $US 0.05/kW in Tanzania, $US 0.17/kW in Uganda and 
$US 0.16/kW in Kenya [28], [29]. 
The Vision 2020 plan has a target for 5 MW of generation capacity from renewable energy (PV, micro-hydro, 
wind) and 100% electricity access for schools, health facilities and government offices through the grid or off-
grid systems [24]. More than $28 million was invested by the GoR and partners into solar PV programmes 
between 2009 and 2012 [30] including the installation of solar PV for 300 schools over 5 km away from the 
grid [31]. PV systems are also donated by foreign organisations, often in partnership with the GoR, to provide 
electricity for health centres and schools located in remote areas. The performance of these systems in health 
centres and schools presents a representative sample upon which this study is based. 
The results presented here are based on a social and technical survey of ten PV systems installed at eight 
health centres and one school in Rwanda (one large health centre had two independent PV systems). The 
location of these systems is shown in Figure 2-1 with three north western systems near to the town of 
Ruhengeri, two south eastern systems near to the town of Rusumo, three central systems near to Lake 
Mugasera and. a school south of Lake Muhazi. The research was conducted in September 2012. 
2.2 Data collection method 
Semi-structured interviews were conducted with managers and/or technicians at each site. Areas of inquiry 
included the benefits and problems of off-grid PV systems, availability of energy, impact on health and 
education, the level of understanding and general perceptions. Load surveys were used to determine the 
connected equipment and usage patterns. This included, where possible, the installation of a smart meter to 
measure energy consumption. A system survey [32] was used to assess the quality and configuration of the 
PV array, battery bank, converter/inverter, wiring, system enclosure and surrounding environment. 
 
 
Figure 2-1: Location of survey sites and weather stations in Rwanda. The capital, Kigali, is shown alongside main 
administrative regions (provinces) and major water masses 
                                                     
1 Information provided to researchers in personal communication with Electricity, Water and Sanitation 
Authority, Rwanda 
HC6, 7a, 7b, 8
HC3, 4, 5
HC1HC9
S1
Weather 
station
Weather 
station
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Weather data was provided by the Rwanda Meteorological Service for locations in the vicinity of the sites. 
This data provides an annual time series of the irradiance G_(t,) and ambient temperature, T_t at one-minute 
resolution. Significant variation in the irradiance is found in this data with times during the day where there is 
very low irradiance (<100W/m2) particularly during the rainy season and times of high irradiance 
(>800W/m2) during the dry season. Over a year, temperatures range from 16°C in the early morning to 32°C 
in the mid-afternoon. 
2.3 Data collection results 
2.3.1 System type and use 
The size of the systems seen in Rwanda are summarised in Table 2 1. System capacity ranges from 1.4 kWp 
to 3.4 kWp and a much larger variation in battery bank capacity. There is little correlation between the two, 
indicating differences in energy requirements at the sites and/or design practices between installers. The 
majority of systems were stand-alone PV, although the grid and diesel generators were available at some sites. 
Systems were between 3 and 72 months old and in various states of usability. 
Table 2-1: Summary of the PV/storage/diesel system configuration and condition at nine of the sites visited 
 System HC1 HC2 HC3 HC4 HC6 HC7a HC7b HC8 HC9 S1 
C
o
n
fi
g
u
ra
ti
o
n
 
PV X X X X X X X X X X 
Grid         X  
Diesel generator X X       X  
Number PV panels 28 8 8 24 16 12 12 16 28 4 
Array size [kWp] 3.4 1.4 1.0 2.9 1.9 1.4 1.4 3.4 3.4 0.5 
Number of batteries 8 12 4 24 15 8 12 8 4 1 
Battery bank capacity [kWh] 17.6 26.4 8.8 63.4 27.7 19.2 28.1 22.1 8.8 1.2 
Daily demand [kWh] 6.0 n/a 3.2 n/a 6.0 4.0 4.0 n/a n/a 1.7 
Approx. age [months] 24 42 3 12 36 24 24 12 72 10 
C
o
n
d
it
io
n
 Severely deteriorated X X       X  
Usable    X X X X   X 
Healthy   X     X   
 
The most important benefits of electricity provision at rural health centres and schools were found to include 
security/safety lighting and computers for communication and administration. Medical benefits include 
keeping vaccines cool on site, sterilizing equipment and avoiding the use of kerosene lamps in maternity 
wards. At health centres, a variety of laboratory equipment was found, with the most common being 
centrifuges, haematology analysers and humalysers, microscopes, and rotators. Sterilizers were less common. 
Vaccine fridge freezers were at all of the health centres although they were disconnected when problems 
occurred with the PV system. In schools, lighting allows students to study at night. Lighting was provided by 
a mixture of fluorescent tubes and CFL energy saving bulbs at all of the sites. Typical load profiles for health 
centres and schools are shown in Figure 2 2. It can be seen that health centres have consumption almost 24-
hours a day which highlights the need for the battery to provide power at night. Schools were found to have a 
near zero use in the early hours of the day but high demand in the day to power lights and administration 
equipment and in the evening to provide lighting for homework clubs and entertainment equipment. 
Please cite as: Crossland, AF.; Anuta, OH.; Wade, NS. A socio-technical approach to increasing the battery 
lifetime of off-grid photovoltaic systems applied to a case study in Rwanda, Renewable Energy, 83, pp 30-40 
8 
doi:10.1016/j.renene.2015.04.020 
 
Figure 2-2:  Typical demand profile for school with peak in evening and low night-time demand and health centre 
with morning peak and significant continual demand. 
2.3.2 Problems identified on sites 
Interviews with installers and users confirmed that battery life was the key limiting factor of system 
performance in Rwanda. The survey revealed a number of factors which reduce the life and reliability of the 
PV systems (Table 2-2Error! Reference source not found.). These are defined as follows: 
 High night-time use: demand outside of daylight hours was more than half of that during daylight 
hours. High night-time use was found at all of the sites where demand monitoring was installed, this 
was due to a number of factors such as; medical tests being conducted in the evenings, security and 
safety lights and late night computer use. 
 Poor maintenance access: poor access to spare parts or maintenance personnel. 
 Overloading/load growth: additional equipment installed leading to power shortages and excessive 
battery discharge. Specific evidence of load growth was found at half of the systems surveyed, and 
was highlighted by the project partner in Rwanda as the major contributor to premature battery 
failure. 
 Perception that solar is free: most sites explicitly indicated that they perceived solar energy as free 
in comparison to diesel generators. 
 Poor understanding/education: most sites had poor understanding of their system leading to 
unfavourable loading patterns or poor maintenance. 
 Undersized PV array: the PV arrays usually took several days to fully recharge the battery bank. 
 No lightning protection: no arrestor was installed to prevent lightning strikes damaging system 
components. 
 Shortages during rainy season: insufficient generation during the rainy season causing low 
availability. 
 Poorly oriented panels: panels were shaded or not oriented North-South. 
 No condition monitoring: charge controller does not monitor battery temperature. 
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Table 2-2: Social and technical factors affecting PV system performance recorded at the study sites 
 System HC1 HC2 HC3 HC4 HC6 HC7a HC7b HC8 HC9 S1 
S
o
ci
al
 f
ac
to
rs
 
High night-time use X n/a X n/a X X X n/a n/a X 
Poor maintenance access X   X X      
Overloading/load growth X X    X X  X  
Perceive solar as free  X X        
Poor understanding    X X X X  X  
T
ec
h
n
ic
al
 f
ac
to
rs
 Undersized PV array  X  X X X X X   
No lightning protection     X      
Rainy season shortages X X  X X X X X  X 
Poorly oriented panels      X     
No condition monitoring    X X   X   
2.4 Scenario modelling  
As a result of this survey and data collection, models were made of the PV systems at a number of the sites. 
The analysis in this paper uses a bespoke Matlab [33] model for social and technical analysis of PV system 
performance. HOMER is subsequently used for economic comparisons between PV and diesel systems. 
The model is used to model both social change, technical change to the design and a combination of these 
approaches. 
2.4.1 Social scenario 
Controlling the factors of load growth and high time use are investigated as a social scenario. Under the base 
case scenario, a load growth of 8% each month is applied in accordance with the worst case load growth seen 
in Rwanda. Under an improved social scenario, a lower load growth of 5% is envisaged and these new loads 
are only used in the day to protect the batteries. This represents users who fully understand the impact of load 
growth on system lifetime. Furthermore, demand restrictors are used to keep power below 100 W during the 
evening. Additional load during this time is shifted to the daytime. 
2.4.2 Technical improvement scenario 
A significant technical factor identified by the survey was an undersized solar array relative to the battery 
capacity. This is a consequence of design practice as installers design the systems to provide two to three days 
of autonomy. At many of the sites however, it would take several days for the PV array to fully recharge the 
battery bank from 20% SoC. This leaves the battery bank at a low SoC for prolonged periods and accelerates 
its deterioration. A technical scenario of an increased PV array is therefore investigated. This is implemented 
as an additional string of panels (between 33% and 100% of current array size depending on the array 
configuration) for sites HC1, HC2 and S1 and two additional panel strings at HC3 and HC6. The larger array 
increase is needed for HC7a and HC7b due to the longer and more severe rainy season at the sites. 
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3 System modelling 
3.1 Matlab model for PV/battery systems 
The Matlab model allows an assessment of the performance, battery cycle life and reliability of the systems in 
this study under base-case, social, technical, and socio-technical scenarios. Generation, demand and state-of-
charge (SoC) calculations are validated using the U.S. National Renewable Energy Laboratory (NREL) 
software, HOMER version 2.81 [34]. 
For each ten minute time step, the Matlab model calculates the power flow into or out of the battery, 𝑃𝑏,𝑡,, 
with  
𝑃𝑏,𝑡 = 𝑃𝑃𝑉,𝑡 −
𝑃𝑑,𝑡
𝜂𝑐
 (1) 
where 𝑃𝑃𝑉,𝑡 is the output from the PV array, 𝑃𝑑,𝑡 , is the demand, and 𝜂𝑐 is the inverter efficiency. A non-
intrusive AC load monitor was installed to collect electrical demand data at each site over a period of at least 
two weeks. The Matlab model allows load growth and demand shifting to be applied to these demand profiles 
as required under the social scenarios (see 3.1.4). The demand pattern is repeated to give long term electrical 
demand on each system. 
The energy in the battery, 𝐸𝑏,𝑡, is calculated using 
𝐸b,𝑡 = min
(
 
 
𝐶,max
(
 0,𝐸b,𝑡−1 +
{
 
 
𝑃b,𝑡𝜂b∆𝑡   𝑃b,𝑡 > 0 
−𝑃b,𝑡∆𝑡
𝜂b
     𝑃b,𝑡 < 0
0                    𝑃b,𝑡 = 0)
 
)
 
 
, (2) 
which considers the battery round-trip efficiency, 𝜂b, the length of the time step, ∆𝑡, and previous energy in 
the battery 𝐸b,𝑡−1. The energy in the battery cannot be greater than the energy capacity, 𝐶, of the unit or lower 
than zero. The SoC, which represents the available energy in the battery as a percentage, is calculated using 
𝑆𝑂𝐶𝑡 =
𝐸b,𝑡
𝐶
. (3) 
The initial SoC is assumed to be 50% and, according to design sheets from installers, an appropriate inverter 
efficiency is 91%. The battery round trip efficiency is taken as 80% and the charge and discharge losses, 𝜂b, 
are assumed to be the same in the each direction. The SoC is not allowed to fall below 20% as is commonly 
implemented in the settings of a battery charge controller. 
3.1.1 PV array output 
The PV output, 𝑃PV,𝑡 is calculated using the conversion efficiency of the panels 𝜂PV, at a given temperature 
and irradiance, the incoming irradiance, 𝐺𝑡 the panel area, 𝐴 and the number of panels, 𝑛 as 
𝑃PV,𝑡 =  𝜂PV. 𝐺𝑡 . 𝑛. 𝐴. (4) 
The efficiency of the array, which is related to the temperature and irradiance, is calculated using 
 𝜂PV = 𝜂nom + 𝑐G(1000 − 𝐺𝑡) + 𝑐T(𝕋𝑡 − 25). (5) 
Properties of a Suntech STP120S-12 panel (Table 3-1) were used as these were common in the surveyed sites. 
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Table 3-1: Properties of Suntech STP120S-12 PV panel [33] 
Parameter Value 
Efficiency at standard test conditions, 𝜂𝑛𝑜𝑚  [%] 11.97% 
Irradiance coefficient, 𝑐𝐺 [%/(W/m2)] -5.625x10-5 
Temperature coefficient, 𝑐𝑇  [%/°C] -0.48 
Panel surface area, 𝐴 [m2] 1.002 
3.1.2 Battery Cycle Life 
In this analysis, a modified rainflow cycle counter is used to model the battery cycle life [36]. This considers 
the deterioration in life of the battery after a cycle of a given depth of discharge and ending at a given SoC. A 
double exponential equation for calculating the nominal cycle life for a given cycle depth of discharge, ℕnom, 
was obtained using the Matlab curve fitting tool. This uses data from a representative battery datasheet [37] to 
give the coefficients 𝛼, 𝛽, 𝛾 and 𝛿 in  
𝑓(𝑥) = 𝛼. 𝑒−𝛽𝑥 + 𝛾. 𝑒−𝛿𝑥 (6) 
For each daily cycle, the depth of discharge, 𝐷, is used to calculate  ℕ𝑛𝑜𝑚 using  
ℕ𝑛𝑜𝑚 = min(5700, (1.25 × 10
4). 𝑒−0.1158𝐷 + 2070. 𝑒−0.01537𝐷) 
Where 0 ≤ 𝐷 ≤ 100 
(7) 
This is valid for cycles beginning and ending at full charge which was not the case for cycles seen in Rwanda 
(see Figure 4-3). The approach of using just equation (7) is similar to that used in HOMER. 
The modified rainflow cycle model used in this analysis extends (7) by adding a linear relationship between 
the nominal cycle life and the final depth of battery discharge of the cycle, 𝑆𝑂𝐶𝑚𝑖𝑛,𝑑. This method determines 
the number of times that the battery can cycle, accounting for non-ideal start and end charge levels, using 
ℕ𝑐,𝑡 = 450 + 𝑆𝑂𝐶𝑚𝑖𝑛,𝑑(ℕ𝑛𝑜𝑚 − 450) (8) 
In order to estimate the effect of the SoC on the cycle life, the cycle life deterioration, 𝐿𝑡, is calculated using  
𝐿𝑡 = ∑
1
ℕ𝑐,𝑡
𝑇
𝑡=1
 (9) 
When 𝐿 reaches 1, then the battery cycle life is reached and the time taken to reach this point is recorded. This 
is defined in the datasheet for the battery as the point where capacity decreases to 80% of the nominal 
capacity. 
3.1.3 Availability 
During the social surveys, users frequently said they experienced power shortages as their systems 
deteriorated. Each PV system is considered unavailable if the battery SoC falls below 20%. At this SoC, 
charge controllers usually prevent further battery discharge and the system will be unable to power loads 
throughout the night or during periods of low irradiance such as when under cloud cover.  
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3.1.4 Demand profile adjustment 
Demand profiles are adjusted in the Matlab model through load shifting and load growth. Shifting moves load 
above a threshold from one time of day to another. Load growth is a percentage increase in daily demand 
applied uniformly over a selected time period. 
3.2 HOMER model 
HOMER is an optimisation tool which can be used to design and analyse on or off-grid renewable energy 
systems. It is used in this paper to complete an economic comparison of off-grid PV and diesel systems for the 
survey sites. Economic and performance assumptions used for the analysis are shown in Table 3-2. HOMER 
provides a net present cost (NPC) of the different system configurations which includes capital, replacement, 
maintenance and fuel costs. 
Both the Matlab and HOMER models showed that the battery SoC is consistently very low as shown in the 
base-case in Figure 4-3. The simple rainflow counting battery life model in HOMER does not distinguish 
between cycles that occur at high and low depths of discharge and is over optimistic when predicting cycle 
life for the sites (greater than 8 years). In economic analysis, battery lifetime is fixed using data from the 
Matlab model to account for this. 
Table 3-2: Economic and performance assumptions in HOMER model 
Parameter Cost Notes 
PV Panel* US$ 4000/kW 
Concurrent with a survey of  
a number of system vendors 
in Rwanda 
VRLA battery unit cost* US$ 928/unit, $ 344/kWh 
Converter* US$ 1000/kW 
Diesel generator  US$  865/kW 
PV O&M  1% of capital cost 
Diesel cost (including transportation costs of 
10%) 
$1.6/litre 
See [36] 
Additional fuel transport cost 10% Chosen for evaluation 
Generator O&M  $0.025/hour/kW See [39] 
Nominal interest rate 7%  See [40] 
Project lifetime 10 years As is typical in Rwanda 
4 Results 
The Matlab model described in section 3.1 is now applied to systems HC3, HC6, HC7a, HC7b and S1. These 
sites are selected because it was possible to gather smart meter data from these operational systems. 
4.1 Cycle life and availability 
Applying the Matlab model to the sites, it is found that the base case battery life (less than 2 years) and 
availability (less than 60%) are highly dependent on the load growth as shown in Figure 4-1. Here, load 
growth is applied as a uniform increase in daily demand each month. It can be seen that under current 
circumstances, a battery life of less than 2 years is expected. This was the typical experience of the installers 
and users surveyed in Rwanda. Further, a modest, uncontrolled load growth causes significant reduction in 
availability.  
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(a)  (b) 
Figure 4-1: Battery cycle life (a) and availability (b) of the systems under different load growth scenarios 
Using results from the survey, the Matlab model is used to investigate different social and technical methods 
for improving system performance. These are summarised in Table 4-1. 
Table 4-1: Social and technical scenarios tested for system performance improvements in the Matlab model 
Scenario Load growth New equipment used 
Array size 
increased 
Night time demand 
restricted 
Basecase 8% All day No No 
Social 5% Only during daylight No Yes 
Technical 8% All day Yes No 
Social and technical 5% Only during daylight Yes Yes 
 
Figure 4-2(a) shows the predicted cycle life under the different scenarios and Figure 4-2(b) shows the 
expected availability of the systems in the first two years. According to Figure 4-2(a), battery replacement is 
needed after less than two years at all of the sites under the base-case. This is worst at S1 which has just one 
battery.  
 
(a) 
 
(b) 
Figure 4-2: Battery cycle life (a) and availability (b) of each system in first two years of operation 
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Figure 4-3 depicts the SoC of the battery in the first two years for each site under each scenario. Black areas 
show when the battery has a high SoC and white areas indicate a low SoC. Under the base-case, all of the sites 
operate with batteries at very low SoC as a result of the undersized PV array. The effect of load growth is 
significant, and can be clearly seen in Figure 4-3 as the SoC deteriorates to extremely low values before 
battery failure. 
 
Figure 4-3: State-of-charge of systems over first two years of operation 
At all of the sites, social change by itself produces modest improvement in cycle life and availability. 
Expansion of the PV array produces a larger increase in both cycle life and availability at all sites. This is 
because, as shown in Figure 4-3, this generally maintains the battery bank at a higher SoC. Although the 
technical change does improve cycle life and availability, there still remains periods of low SoC. These can be 
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seen as horizontal bands in the SoC maps (Figure 4-3) where there is particularly low irradiance. These 
periods present undesirable performance for users due to potentially lower availability. 
When added to technical change, social interventions in adjusting the demand profiles are more effective. As a 
result, cycle life above three years is achieved at all of the health centres and increases to two and a half years 
at the school. This shows that although the sites are currently constrained by low generation, there are 
significant benefits to be gained through improved user behaviour once technical change is made. The use of 
modern alternative battery technologies such as lithium ion, longer life lead acid batteries and flow batteries 
together with socio-technical changes should provide an even longer battery life, but the effect of technical 
and social change remains consistent. 
4.2 Financial impact of social and technical changes 
The cost of any energy system is an important consideration for site owners, operators and donors. This 
includes a consideration of capital and operating costs as well as the total cost over the project lifetime. The 
blue bars in Figure 4-4 illustrate the capital cost of the different scenarios at the different sites according to the 
HOMER analysis. Under both scenarios, the diesel has a much lower capital expenditure (CAPEX) than 
standalone PV systems. It can be seen that the socio-technical scenario increases the capital cost of standalone 
PV systems as expected due to expansion of the array.  
Operating costs are compared in the red bars in Figure 4-4. For all of the health centres under the base-case 
scenario, the operational expenditure (OPEX) for the PV system are higher compared with the diesel 
generator system over the 10 year project lifetime. This is due to the large number of battery replacements and 
is contrary to the perception that diesel generators have higher running costs than PV. As previously stated, a 
two year battery life was a typical in Rwanda and confirmed by the analysis in this paper. 
 
Figure 4-4: Capital and operational costs for diesel and PV systems under base-case and social/technical scenarios 
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The socio-technical changes dramatically reduce the operating cost for PV systems at all of the sites. The 
running cost is significantly reduced because the additional string added to the panels and the change in user 
consumption leads to a reduction in the number of battery replacements. This results in cheaper operating 
costs for PV systems relative to diesel generators. However, at all of the health centres, a diesel generator still 
has a lower overall cost over the 10 year project lifetime. Only at site S1 is PV the cheaper option and the 
difference is marginal. Diesel only has 100% availability with reliable access to fuel and no breakdowns. 
The analysis in Figure 4-4 is completed using prices for PV and diesel which were correct at the time of study 
in Rwanda. However, the on-going technology development and falling global prices for PV and batteries 
combined with increasing prices for diesel mean that an analysis with projected component prices is necessary 
to inform medium to long term decision making. Figure 4-5 shows net, CAPEX and OPEX for the five sites 
with prices of $1.5/W for PV, $800 per unit for batteries and $3.2 per litre diesel. These prices represent 
indicative reduced component prices for PV systems and also fuel price increase based on the escalation rates 
in Rwanda over the past ten years. As expected, the projected prices improve the business case for PV at all of 
the sites. For the school, the projected prices also cause PV to be more profitable than a diesel generator in the 
base-case. However, for all of the other sites, the socio-technical changes to PV design and operation are 
needed for PV to be a cheaper alternative over a 10 year investment than a diesel generator. 
 
Figure 4-5: Capital and operational costs for diesel and PV systems under projected prices
5 Discussion 
This study has presented a method for determining the battery life of off-grid PV systems under different 
technical and social scenarios which has been used to show that both social and technical changes are 
important for improving the life of the systems. 
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5.1 The current performance of PV systems studied 
The provision of electricity at rural health centres and schools is important in improving the effectiveness of 
the services that they deliver. However, systems which are expensive to operate or have power shortages 
constrain the provision of lighting, administration, medical and educational facilities. Interviews conducted 
with system owners in Rwanda found that batteries were perceived to have failed after 2 years. Only one site 
was considered to be in good condition after more than two years (HC6) and there was dispute amongst the 
interviewees about system functionality. The cycle life (a reduction in capacity of 20%) was subsequently 
shown to be less than 18 months using the model in this paper. This would not have been detected using 
HOMER which does not consider the extra damage of battery cycles which begin and end at a low SoC. The 
sites were also found to have a an average availability of just over twelve hours (mostly daytime), an issue 
which site owners frequently cited in interviews as reasons for dissatisfaction with their PV systems. 
Two of the survey sites had the perception that solar energy is free. This is a result of the PV systems being 
donated to the schools and health centres with no visible on-going fuel or maintenance cost. Because of the 
significant costs associated with the battery replacement (around a third of the CAPEX), this is an important 
misconception. The high replacement costs of the batteries means that PV systems are less cost effective than 
diesel at all of the health centres surveyed. Relative to PV systems, diesel generators have a high ratio 
between the operational and capital costs. However, for all of the health centres studied, the operational cost 
of the generator was still lower than the battery replacement cost. The school studied had a lower capital and 
operational cost, mostly due to its modest battery bank size.  
The technical survey of the systems found that the major contributing factor which reduces system 
performance was the undersized PV array, which leads to undercharging of the batteries. This subsequently 
caused prolonged capacity shortages during the rainy season and reduced battery capacity as the cells degrade. 
Deep-cycle VRLA batteries were installed all but one of the survey sites in Rwanda, which are rugged and 
maintenance free but have a shorter cycle life than other battery chemistries such as lithium cells. One site 
used flooded lead acid cells which needed to be topped up with electrolyte. 
5.2 The value of social and technical changes 
The impact of increasing the size of the PV array was investigated using the model in this paper. This was 
found to have a larger impact on the battery life and availability than social changes because, without an 
upgrade to the PV array, there are periods during the rainy season where the battery SoC falls and the 
undersized PV array is unable to recover the charge. As shown in Figure 4-3, this technical change means that 
the state of charge is kept above 50% for that majority of the time at all of the sites, and the availability 
increases to nearly 100%. Although this increases the system capital cost, an upgrade to the PV array 
ultimately reduces the overall system costs as the frequency of battery replacements and the underlying costs 
are lowered. 
The interviews and smart meter data revealed that load growth and excessive use at night time were the main 
social factors which contribute to the low battery lifetime and impaired autonomy. High night time use was 
observed at all the sites where demand data was collected. In health centres night time use included for office 
equipment, lighting, laboratory testing or to provide entertainment, whilst in schools night time use was 
predominantly to provide lighting for evening classes and homework clubs or for showing films. Load growth 
was found to occur at all but one of the health centres because access to electricity encourages sites to 
purchase or be donated additional medical, educational and administrative equipment. As shown in Figure 
4-1, a modest amount of uncontrolled load growth has a high effect on battery cycle life and autonomy.  
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The impact of changing user behaviour was considered using the model in this paper. Specifically, the model 
was used to investigate the impact of sites shifting some of their night-time demand to the daytime and 
consciously restricting additional loading on the systems. This change was ineffective on the current systems 
due to the prolonged undercharge of the batteries. However, at least 6 month improvement in battery life was 
seen at all of the sites when social and technical changes were combined. 
Improving staff understanding of the limitations of PV systems could alter the usage patterns and load growth, 
and therefore make their systems more financially viable and increase availability. Practically, this may be 
challenging since donated equipment has important medical and educational benefits and provision of lighting 
at night has important safety and medical uses (for example, night time maternity services). It was also 
observed that health centres generally carried out laboratory tests at night and the practicalities of deferring 
this load needs to be understood. 
In the base-case, the replacement costs for batteries are higher than the fuel costs for diesel generators. 
However, as shown by the HOMER analysis, the running costs of a system with socio-technical changes are 
much lower than the fuel costs associated with a diesel generator. Where donor agencies expect their clients to 
meet the OPEX of a system, the suggested social and technical changes are particularly beneficial to the 
clients as they significantly reduce the OPEX of PV systems. It should be noted that these results are sensitive 
to the current pricing conditions in Rwanda. The current trend of falling PV costs with technology 
improvements and rising diesel costs will make off-grid PV more favourable as illustrated in Figure 4-5. 
Furthermore, there is the added benefit of not relying on fuel resupply to run PV systems. During periods of 
fuel shortage or lack of capital for purchasing fuel, PV systems, even with weakened batteries can still provide 
some form of power supply during the day. 
5.3 Donor context 
Most health centres and schools have energy systems provided by donor organisations. In this context, sites 
are sometimes expected to meet the OPEX of their systems. In this case, PV with the socio-technical changes 
recommended in this paper, provides much lower operating costs and is therefore more suitable for such a 
donor model. In addition, a PV system with deteriorated batteries can still provide energy, albeit with 
restricted performance. This is not the case for diesel generators where a site that cannot meet fuel costs is left 
without any electricity. Overall, it should be noted that there was general satisfaction with PV systems in the 
centres visited, as health practitioners and educational staff valued having a renewable and clean technology 
over a diesel generator. 
5.4 Study limitations 
The cost and feasibility of alternative battery technologies such as lithium-ion, small-scale flow batteries and 
longer life lead acid also require further investigation. With a different battery model, the proposed social 
technical approach is important in understanding how to maximise the life and minimise the cost of systems 
even with different batteries. This paper focussed on the VRLA batteries found in Rwanda since other battery 
types were not available in country. The approach presented in this work is shown to make a contribution to 
the better use of available technology. 
6 Conclusions  
Off-grid solar PV is an important renewable technology for providing electrification to rural communities. 
This is especially true for schools and health centres where Government and donor funding are available to 
fund such energy systems. However, the high capital cost and low battery life can make PV uncompetitive 
compared to diesel generators if an interdisciplinary approach is not taken to their design and operation. The 
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issues with battery deterioration can be resolved by enacting a socio-technical approach to designing and 
managing such systems. 
For system owner and operators: 
 The acquisition of new or donated electrical equipment is common and causes premature deterioration 
of batteries. Owners should be aware of the cost of adding any new equipment to the system. If this is 
purchased, they should be encouraged to use it during the day. 
 High night-time electrical demand can impose deep cycles on the batteries. System owners and 
operators should look at ways of shifting demand from the night-time to the daytime where it can be 
powered using the solar PV array. 
System designers should also reflect these factors: 
 PV arrays were generally found to be undersized: A design rule that results in a battery capacity with 
three days of autonomy needs to be matched by an increase in the PV array size  to allow the battery 
bank to sufficiently recharge under anticipated seasonal conditions.  
 Designers should account for the load growth that is known to result from the provision of electricity 
to communities which previously had none. 
A detailed technical report on this study including the interview questions is available at [32].  
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